DNA damage ͉ nucleotide excision ͉ base excision ͉ xeroderma pigmentosum ͉ Purkinje cells
C
ockayne syndrome (CS) is a segmental progeroid syndrome with cachexia and wasting and progressive neurological deficits, including demyelination, ataxia, cerebellar atrophy, and calcification in the brain, particularly in the basal ganglia, but with no increased risk of cancer (1, 2) . Symptoms may be present at birth or during childhood, and the average lifespan is 12 years (1, 2) . CS individuals are deficient in a subpathway of nucleotide excision repair (NER) known as transcription-coupled repair (TCR) (3) (4) (5) . The neurological symptoms of CS patients have been ascribed to defective repair in the brain of endogenous oxidative damage that blocks transcription (6) (7) (8) (9) (10) (11) . CSA and CSB genes have subsequently been ascribed other functions, such as ubiquitylation, transcription regulation, and chromatin remodeling, that could themselves be proximate causes of the TCR and other cellular defects (4, 5, 12, 13) .
Mouse knockouts of the Csa and Csb genes present a weaker neurological phenotype than the corresponding human disorder (14) (15) (16) , but detailed pathological investigations of the neurodegenerative disease have not yet been done. CS mice, unlike humans, are predisposed to UVB-and chemically induced skin cancer (15, (17) (18) (19) . Mouse embryo fibroblasts (MEFs) derived from Csb Ϫ/Ϫ mice are sensitive to x-rays and oxidative damage (10, 20) , but the mice do not accumulate 8-oxo-guanine (8-OH-G) lesions spontaneously with age, as would be expected if they did not repair 8-OH-G (10). Csb and 8-oxyguanine-DNA glycosylase (Ogg) knockout cells both showed small reductions in global repair of 8-OH-G, but a Csb Ϫ/Ϫ /Ogg1 Ϫ/Ϫ strain was completely defective, indicating that the two pathways operate independently (10) . Ogg1 is a DNA repair enzyme that functions in the base excision repair pathway to remove oxidative DNA lesions such as 8-hydroxy-2Ј-deoxyguanosine and formamidopyrimine that can accumulate in vivo (21, 22) . Both human CSA and CSB cells are sensitive to UV light and oxidative damage (23) ; in the mouse, however, only Csb cells are sensitive to oxidative damage, whereas Csa cells are resistant (20) . Simple correlations of CS neurodegeneration to deficient repair of oxidative damage, therefore, are difficult.
Because the neural phenotype of Csb Ϫ/Ϫ mice is much less severe than the human CS patient syndrome (1, 2, 16, 24) , we decided to determine the consequence of reducing the repair capacity of Csb mice further for either base excision repair (BER) (Ogg1 Ϫ/Ϫ ) or global NER [xeroderma pigmentosum C (Xpc) Ϫ/Ϫ ]. Xpc is the major DNA damage-binding protein for nontranscribed DNA (global genome repair) (3), and XPC patients, as well as Xpc knockout mice, have no neurological symptoms (25) . We cross-bred Csb Ϫ/Ϫ mice with Xpc and Ogg1 mice to identify the relative importance of single and double deficiencies in NER and BER in the pathology of the nervous system.
Results

Pathology of Compound Homozygous Animals. A subset of Csb
Ϫ/Ϫ mice were reported to exhibit mild ataxia at 12 months of age, which we also observed (14) . Eight litters of mice were weighed during early postnatal life. The weight of Csb Ϫ/Ϫ /Xpc Ϫ/Ϫ mice was significantly lower than controls at birth, and the Csb Ϫ/Ϫ /Xpc Ϫ/Ϫ mice demonstrated a slower growth rate than controls during early postnatal life, weighing significantly less than littermate controls at all time points assessed (P Ͻ 0.001) (Fig. 1B) . By postnatal day (P)21, they were dramatically smaller than their littermate controls (Fig. 1 A) . Csb Ϫ/Ϫ /Xpc Ϫ/Ϫ mice survived only 1 or 2 days past age P21. At age P21, Csb Ϫ/Ϫ /Xpc Ϫ/Ϫ mice moved more slowly and showed poor coordination compared with littermate controls. Ataxia in Csb ϩ/Ϫ /Xpc ϩ/Ϫ mice was assessed by rotarod testing in comparison with control mice. Control mice were able to stay on the rotarod 140% longer than compound heterozygotes, but this difference was not statistically significant (P ϭ 0.10). The distance between footsteps of Csb ϩ/Ϫ /Xpc ϩ/Ϫ was approximately half that of
Author contributions: R.R.L. and J.E.C. designed research; R.R.L. and E.J.H. performed research; E.J.H. contributed new reagents/analytic tools; R.R.L., E.J.H., and J.E.C. analyzed data; and R.R.L., E.J.H., and J.E.C. wrote the paper.
control mice. Compound heterozygous Csb ϩ/Ϫ /Xpc ϩ/Ϫ mice were viable, and a subset of these mice showed an intermediate neurological phenotype of ataxia at age 3 months. At this age, the complexity of dendritic arborization and the intensity of calbindin-D28K was reduced in Csb ϩ/Ϫ /Xpc ϩ/Ϫ mice as compared with littermate controls (Fig. 2) , indicating a reduction in Purkinje cell health. We concentrated on analysis of cerebella functions and have yet to examine retinal morphology, which is known to degenerate in human CS patients.
To (Fig. 1 D-I ). Losses ranged from a few missing cells at P14 (Fig. 1H ) to long tracts of missing cells at P21 (Fig. 1I ). Adjacent sections were stained for calbindin. At age P21, the age when differences in calbindin staining appeared the strongest, the frequency of calbindinpositive cells in Csb Ϫ/Ϫ /Xpc Ϫ/Ϫ mice was 86% that of controls (Fig. 1C) . This difference was not statistically significant (P Ͻ 0.18). The Csb Ϫ/Ϫ /Xpc Ϫ/Ϫ mice had areas of focal Purkinje cell loss ( Fig. 1 G-I ) compared with controls ( Fig. 1 D-F) , but at the level of the whole cerebellum, this loss did not statistically reduce the overall number of Purkinje cells.
Apoptosis and Neurogenesis in the Cerebellum of Csb
To determine whether the progressive loss of Purkinje cells was caused by apoptosis, brain sections were labeled with TUNEL ( Fig. 3 A-D) . At age P21, TUNEL was much more extensive in the external granule layer of the cerebellum of Csb Ϫ/Ϫ /Xpc Ϫ/Ϫ mice ( Fig. 3D ) relative to littermate controls (Fig. 3C ) and was observed rarely in the Purkinje cell layer. In Csb Ϫ/Ϫ /Xpc Ϫ/Ϫ mice, TUNEL was more extensive at age P21 (Fig. 3D ) than at age P14 (Fig. 3B) . At age P21, the age when differences in TUNEL staining appeared the strongest, there were 6.8 times more TUNEL-positive cells per unit area of cerebellar folia in the Csb Ϫ/Ϫ /Xpc Ϫ/Ϫ mice compared with controls (P Ͻ 0.001) (Fig.  3E ). To determine whether there were alterations in neurogenesis in Csb Ϫ/Ϫ /Xpc Ϫ/Ϫ mice, mice were injected with BrdU to label newly dividing cells, and brain sections were stained for BrdU (Fig. 4) . At age P14, no obvious differences in BrdU labeling were observed between Csb Ϫ/Ϫ /Xpc Ϫ/Ϫ (Fig. 4B ) mice and control littermates (Fig. 4A). p53 Immunohistochemistry. We examined the patterns and intensity of staining with p53 to identify cells under genotoxic stress. Purkinje cells in Csb Ϫ/Ϫ /Xpc Ϫ/Ϫ mice showed strong p53 staining, which was absent in littermate controls (Fig. 5) . In Csb Ϫ/Ϫ / Xpc Ϫ/Ϫ mice, the pattern of p53 staining was in bright focal areas, perhaps indicating nucleolar localization (Fig. 5B ). p53 staining was absent elsewhere in the cerebella of Csb Ϫ/Ϫ /Xpc Ϫ/Ϫ mice ( Fig. 5B ). p53 staining was observed exclusively in Purkinje cells that were also positive for calbindin-D in Csb Ϫ/Ϫ /Xpc Ϫ/Ϫ mice (Fig. 5) .
Xpc Immunohistochemistry. Immunohistochemical staining for the Xpc protein revealed that this damage-binding protein is localized to Purkinje cells in wild-type mice with little expression elsewhere in the cerebellum and absent from Xpc mice (Fig. 6) . Xpc Ϫ/Ϫ mice showed normal cerebellar histology (Fig. 6A ). Microarray Results. The majority of gene targets in the cerebellum on an expression microarray were unaltered between Csb Ϫ/Ϫ mice and wild-type littermate controls; only a small number of genes relevant to neurobiology, transcription, and oxidative stress showed significantly altered expression [supporting information (SI) Table 1 ]. Underexpressed genes included Purkinje cell protein 4 (pcp4), glutathione peroxidase 1, and RNAbinding motif protein 4. Overexpressed genes included DNA primase, p58 subunit, and polymerase ␥2 (mitochondrial). Overexpressed neural genes included myelin basic protein, Synaptogyrin 3 (which plays a role in learning and memory), neogenin (which plays a role in axonal guidance in the nervous system), and the potassium voltage-gated channel, shaker-related subfamily, ␤ member 1. Previous results have also shown increased levels of the p21 cell cycle regulatory protein and underexpression of collagen 15a1 in human fibroblasts from CS patients (27) .
UV Survival in Embryonic
Discussion
Pathology of CS in Mice and Humans. Csb Ϫ/Ϫ /Xpc Ϫ/Ϫ mice were runted relative to their littermate controls, being notable at age P14 and dramatic at age P21, and survived only a few days longer. This phenotype corresponds to major criteria for clinical diagnosis of CS, which is height below fifth percentile for age and sex with a mean age at death of 12 years (1, 2). Most CS patients appear normal at birth (type I or ''classic'' CS) and exhibit progressive cachectic dwarfism early in life (28); a subset of CS patients of type II or early-onset CS present with symptoms at birth or soon thereafter (1). Progressive growth retardation and early lethality are also observed in other mouse models of CS: puts the cerebellum at risk for damage over a long period from agents acting in the perinatal or early postnatal period (33) . Cerebellar granule cells are vulnerable to a variety of toxins that decrease glutathione levels and make the cells more vulnerable to DNA and other cellular damage from reactive oxygen species (34, 35) . Purkinje cells are susceptible to ischemic death because of their reduced capacity to sequester glutamate and reduced ability to generate energy during anoxia (36) . Some tissues that degenerate in CS appear to be sensitive to oxygen levels, including the Purkinje cells, retina, and oligodendrocytes (37) (38) (39) (40) . Retinal degeneration is linked to that of Purkinje cells in both CS and the nervous (nr) mutant mouse (41) . We observed loss of both Purkinje cells and granule cells in Csb Ϫ/Ϫ /Xpc Ϫ/Ϫ mice. Stunted dendritic trees of Purkinje cells were observed in compound knockout Csb Ϫ/Ϫ /Xpa Ϫ/Ϫ mice, along with decreased thickness of the molecular layer and internal granule layer (29) . A central neuropathological finding in CS patients is extensive cerebellar atrophy, including a marked reduction of granule cells and the loss of Purkinje cells (2, 28) . These observations suggest that the cerebellum is particularly susceptible to DNA damage, and that DNA repair deficiencies have a profound effect on cerebellar pathology. Although Csb expression may be ubiquitous in the brain (P. J. Brooks, personal communication), Xpc protein was uniquely abundant in Purkinje cells (Fig. 6 ), which may explain why Purkinje neurons were particularly affected in Csb Ϫ/Ϫ /Xpc Ϫ/Ϫ mice. There was no obvious pathology of Purkinje cells in Xpc Ϫ/Ϫ mice, but TCR in human XPC cells results in completion of repair at a reduced rate in nonproliferating cells (42) . Deficiencies in Xpc may therefore be unimportant in the brain, being compensated by Csb activity, but are important when associated with TCR deficiency in Csb Ϫ/Ϫ /Xpc Ϫ/Ϫ mice.
Neurodegeneration in Repair-Deficient and Other Mouse Knockout
Strains. A dramatic increase in apoptosis was identified in the external granule cells of the cerebella of Csb Ϫ/Ϫ /Xpc Ϫ/Ϫ mice, suggesting that the loss of both Csb and Xpc rendered these cells vulnerable to cell death. We saw no stimulation of cells into cell cycle, which would have resulted in the incorporation of BrdU, as suggested by some models of neurodegeneration (43) . Loss of Purkinje cells in Csb Ϫ/Ϫ /Xpc Ϫ/Ϫ mice was not associated with the typical TUNEL-positive staining indicative of classical apoptosis. The difference in these two cell types suggests that the mechanism contributing to loss of Purkinje cells may vary in proliferating precursors and in postmitotic neurons. Consistent with this notion, Purkinje cells of Csb Ϫ/Ϫ /Xpc Ϫ/Ϫ mice stained strongly with an antibody to total p53, suggesting that these cells are under significant stress and have an alternative cell death pathway. Cell death in the Purkinje layer may be due to endogenous activation of p53 or loss of maintenance signals, such as cytokines, through the horizontal fibers. Both intrinsic and extrinsic components contribute to the neurodegeneration of the cerebellum as a result of Csb and Xpc deficiency.
Reducing repair capacity by crossing with Xpa Ϫ/Ϫ mice that have no NER can also increase the severity of neurodegenerative phenotype. These include Csb Ϫ/Ϫ mice crossed with Xpa Ϫ/Ϫ mice (29), trichothiodystrophy (TTD) mice crossed with Xpa Ϫ/Ϫ (24), and Xpg Ϫ/Ϫ crossed with Xpa Ϫ/Ϫ (31). Crossing Xpc Ϫ/Ϫ with Xpa Ϫ/Ϫ did not, however, enhance the cancer susceptibility or development of neurological symptoms (16) . Unlike human XPA patients who are usually very severely affected, Xpa Ϫ/Ϫ mice have no neurological deficit and have only a slight reduction in lifespan (29, 44) . The Xpc Ϫ/Ϫ /Xpa Ϫ/Ϫ cross therefore represents a combination in which neither possesses a neurological phenotype and is uninformative as to mechanisms of neurodegeneration.
Other repair-deficient mouse strains exhibit increased cell death and/or increased p53 staining in the brain. Excision repair cross-complementing group 1 (ERCC1) in association with XPF, forms the structure-specific 5Ј endonuclease of NER (3); Ercc1 Ϫ/Ϫ mice show increased p53 levels in the brain and liver (45) . Mice deficient in DNA ligase IV, which functions in the nonhomologous end-joining pathway of DNA repair, exhibit apoptosis (TUNEL staining) in the developing nervous system (46) and increased p53 (47) . In Xpg Ϫ/Ϫ mice, pyknotic figures and reduced calbindin staining were observed in the Purkinje layer, whereas TUNEL staining was strongest in the granule layer and rare in the Purkinje layer (48) . In Csb Ϫ/Ϫ /Xpa Ϫ/Ϫ mice, TUNEL staining was increased in the external granule layer at P8 (29) . Oxidative stress has been identified as a mechanism for the loss of Purkinje cells in the repair-deficient Atm mouse (37, 39, 49) . TUNEL staining and oxidative stress have been similarly observed in cerebellar granule cells from clinical samples of CS and XPA patients (50) (51) (52) (53) .
Purkinje cells are capable of dying by apoptosis in response to DNA damage under some circumstances. In organotypic slice cultures of mouse cerebellum, bleomycin, which damages DNA by oxidative stress, increased the number of TUNEL-and p53-positive neurons in the internal granule layer and Purkinje cell layer (54) . These responses were not observed in p53 Ϫ/Ϫ mice, demonstrating that p53 is required for TUNEL-positive apoptosis in both the granule and Purkinje cell layers, at least in culture (54) . In other situations, such as trophic factor deprivation, Purkinje cells die by a form of programmed cell death distinct from the apoptotic death of neighboring granule neurons (55) .
Are DNA Lesions Important for Neurodegeneration in CS?
The most obvious source of endogenous DNA damage would be the high level of oxidative metabolism in the brain (56), combined with its relative deficiency of antioxidative protective mechanisms (57) , which is increased in many instances of neurodegeneration (58, 59) . DNA lesions are repaired more slowly in neurons relative to dividing cells, suggesting they are likely to accumulate in neurons over time (59) . Therefore, DNA damage responses and repair pathways are likely relevant to a number of neurodegenerative diseases, even if they do not arise directly from a mutation in a DNA repair enzyme. Mutations in the XPD component of the transcription factor TFIIH, with which CS proteins interact, also result in many transcriptional defects, including reduced responses to nuclear receptors (60, 61) , dysregulation of peroxisome proliferator-activated target genes (62), vitamin D receptor-responsive genes (63) , and thyroid hormone-responsive genes leading to hypomyelination (64) . Both CSA and CSB cells also exhibit down-regulation of collagen 15a1 expression and dysregulation of p21 (27) , and CSB plays a role in chromatin structure (13) .
We observed that the sensitivity of MEFs to UV damage increased in the order: WT; (Fig. 7) . No increase in sensitivity of Csb
MEFs occurred by adding Ogg1 deficiency (Fig. 7) . With the exception of the double heterozygote that was phenotypically variable, this order approximates the pathological severity. Because UV sensitivity is a measure of NER capacity, these observations would be consistent with a role for NER in the clinical phenotype. Several reports demonstrate that human and mouse CS cells are sensitive to oxidative damage and do not repair the oxidative lesion 8-OH-G (6) (7) (8) (9) (10) (11) 23) . The CSB protein also interacts with PARP-1, a sensor of DNA breaks from oxidative damage (65, 66) . No differences were observed in 8-OH-G between CS and control autopsy material (51) , despite the higher amounts of protein oxidation and lipid oxidation in the brains of CS patients (50) . The more severe phenotype of Csb Ϫ/Ϫ /Xpc Ϫ/Ϫ mice compared with Csb Ϫ/Ϫ /Ogg Ϫ/Ϫ mice suggests that lesions that are substrates for global NER and block transcription are more important than smaller oxidative DNA lesions for progressive neurodegeneration, or that the Csb Ϫ/Ϫ genotype already results in defective repair of 8-OH-G (5).
Some DNA lesions, such as O 6 -alkylguanine (67) and thymine glycol (68) , are substrates for either base excision repair or NER, and Ogg1 acts on several oxidative lesions. Oxidative stress can also generate oxidative purine products (5Ј,8-purine cyclodeoxynucleosides) that could be formed in the brain and require NER for their repair and block transcription (69, 70) . Lipid oxidation products produce malondialdehyde-deoxyguanosine adducts in DNA that block transcription (71) . Thus, NER may be of more importance in repairing oxidative damage than was thought previously, although its precise mechanism in terminally differentiated neurons may be subtly different from that in dividing cells (72) .
We envision a scenario in which TCR (mediated by CSB) continually repairs endogenous oxidative bulky oxidative DNA lesions in terminally differentiated neurons, and in which an inability to carry out this process results in neurodegeneration. The relative importance of backup DNA repair pathways for these lesions (mediated by XPC) must differ between humans and mice. In mice, where a strong neuronal phenotype was observed in double-knockout Csb Ϫ/Ϫ /Xpc Ϫ/Ϫ animals, the role of Xpc-mediated backup repair of such lesions must play a larger role than in humans.
The loss of autophagy would seem a very nonspecific defect unrelated to CS, but it results in a pattern of cell death in the cerebellum very similar to Csb mice. TUNEL-positive cells were observed in the granular layer and a marked reduction in Purkinje cell number without concomitant TUNEL staining (73, 74) . The nervous (nr) mutant involves overexpression of the plasminogen activator pathway and undergoes degeneration of both Purkinje and retinal cells (41) . Xpc and Csb are both components of the endogenous proteolytic system, Xpc through the proteasome (75) and Csb and Csa as cofactors of an E 3 ubiquitylation ligase (12) . Consequently, CS, like many other neurodegenerative disorders, could be caused by defective clearance of denatured proteins (76) . This view is supported by the report of a mildly UV-sensitive patient with minimal neurodegenerative symptoms, in which there was negligible CSB protein because of a truncation mutation close to the 5Ј terminus (77) . Defective TCR in CS would then be a consequence of an upstream primary defect in protein processing that leads to neurodegeneration, rather a proximate cause.
Materials and Methods
Mouse Strains. Csb ϩ/Ϫ mice were a gift from C. van der Horst and J. H. J. Hoeijmakers (Erasmus University Medical Center, Rotterdam, The Netherlands) (14) . Genotyping was performed by PCR analysis of DNA isolated from tail tips (19) or commercially (Transnetyx, Memphis, TN). Xpc Ϫ/Ϫ male mice (25) were purchased from Taconic Farms (Germantown, NY) and mated to the heterozygous Csb ϩ/Ϫ mice. Genotyping for the Xpc alleles was performed by Southern blotting, using a plasmid probe provided by Taconic Farms (25 MEFs and UV Survival. MEFs were derived from single embryonic day (E)13-E14 embryos (without head, liver, and blood organs) of each genotype and kept in liquid nitrogen until genotyping was completed. The yolk sac was kept for genotyping. For cell survival, a rapid well assay was used involving measuring the growth of cells for 7 days in 12-well plates (78) . Cells (5 ϫ 10 4 ) were seeded in each well and irradiated with graded doses of UV (254 nm) light, and cell numbers remaining attached were counted at 7 days.
Histology and Immunohistochemistry. Mice were anesthetized with pentobarbital (200 mg/kg) and perfusion-fixed with ice-cold freshly prepared 4% paraformaldehyde (Sigma, St. Louis, MO) in PBS. Brains were removed, fixed in ice-cold freshly prepared 4% paraformaldehyde in PBS, and processed for paraffin sections. Slides were incubated with antibodies against calbindin-D28K. Apoptosis was determined in sections by using TUNEL staining. DNA replication was measured by using BrdU staining. Mice were injected i.p. with BrdU (Roche Applied Science, Indianapolis, IN) dissolved in PBS (50 mg/kg) 1 h before death and processed with an In Situ Cell Proliferation Kit (FLUOS Roche Applied Science). Xpc was detected by using a mouse monoclonal antibody (no. GTX70294; Genetex, Boston, MA). Slides were counterstained with hematoxylin (see SI Text for complete details).
Microarrays. RNA was extracted from cerebellar homogenates of 6-month-old Csb-null or wild-type mice by using affinity resin chromatography (RNEasy; Qiagen, Valencia, CA). Reference RNA was extracted as a large batch from pooled mouse embryos by using standard TRIzol extraction methods. Hybridization was conducted with RNA from one mouse hybridized against reference RNA, and five arrays for each genotype were hybridized on oligonucleotide microarrays (see SI Text for complete details).
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